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ABSTRACT d&G-/557? 
A rational and direct method has been developed for selecting the optical coating 
pattern for the external surface of a spacecraft, such t k t  the spacecraft tempera- 
tures a r e  as close a s  possible to the midpoint of their preselected ranges. The 
temperature control is maintained passively by radiation and conduction, using 
no active control devices. The complete range in mission environments is con- 
sidered in the optimization procedure. 
The'selection technique has been programmed for use on the GE 600 Series, 
IE3M 7094, or any other computer that uses the standard IBM Fortran IV system. 
iii 
FOREWORD 
This document is a three-part final report on the Coating Selection Program. 
Part I describes the theory and basis for  selection of: (1) the iteration scheme 
used to solve the heat balance equations; and (2) the optimization scheme. Part I1 
describes the computer program, including the details of each subroutine and 
the details of input and output. Part I1 therefore includes the user's manual. 
Part  111 presents the Program Listing. Parts I1 and III have both been revised 
(Revision A) under a contract extension to incorporate descriptions of the first 
two month's usage, as well as a new Program Listing with improvements as 
found advisable during these two months. 
The work reported herein was  sponsored by the National Aeronautics and Space 
Administration and was monitored by Mr. Conrad Mook, of NASA-Headquarters, 
and Mr. Robert Kidwell, Jr. , of NASA's Goddard Space Flight Center. 
The chief contributors to the work reported were Mr. Frederick A. Costello, 
Engineer, who developed the techniques, Mr. Thomas P. Harper, Analyst, who 
converted the techniques to computer form, both of the Re-entry Systems Depart- 
ment's Thermodynamics Technology Component, and Miss Barbara Aston, Pro- 
grammer-Analyst, from the Spacecraft Department, who programmed the techniques 
for computer usage. 
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1.0 INTRODUCTION 
To assist in selecting optimum coating patterns for passive spacecraft-temperature 
control, a digital computer program has been developed. The mathematical bases 
for the program are described in  Part I of this f ina l  report. In Part XI the details 
of the computer solution are given, along with sufficient information to enable the 
designer to use the program as an effective tool. 
1-1/1-2 
2 .0  PROBLEM STATEMENT 
The problem that is solved by the IBM 7094 computer program described herein 
is as follows: 
Given: A space-vehicle design in which the equipment temperatures must be 
maintained within their allowable limits using passive (coating) means only for all 
possible flight modes (orbits, attitudes, etc. ). 
Determine: If the equipment can be temperature-controlled passively and, if not, 
how close to their Emits can the ecyAipment be rnaifitzzbed ~s ir ,g  cc12tb-g~ ody. 
2 -1/2 -2 
th  The temperature of the ith node in the k orbit is given by the equation: 
N+S N-ts 
4 4  K ~ ~ ( T ~  - T. + 
j =1 1’ j=1 11 lk 
UR..(T& - T. ) = ai(~,sik + ~ ~ ~ ~ i k . ,  + 
3.0 EQUATIONS USED 
where the symbols are defined in the nomenclature, Appendix C (Section 9.0). 
Nodes 1 to N have temperatures governed by Equation (3.1). Nodes (N + 1) to 
(N + s) are known-temperature nodes. 
The program minimizes the temperature deviation parameter 
B = m a &  Ik i, k 
where 
In other words, the node whose temperature is farthest from its allowable range 
is brought closer to its allowable range in a step-by-step fashion. Different nodes 
at different steps may govern the value of B. 
3 -1/3 -2 
4.0 PROGRAM DESCRIPTION BY SUBROUTINE 
Figure 1 may be used as a guide in understanding the process described by many 
of the following subroutines. 
START 
Certain variables, such as (KsiSi+K~iAi), which are always used together, are 
combined to speed computation tune. 
The coating limits are adjusted by 0.061% so that no two a's or  E'S are equal. 
This eases the problem of checking to determine if the limits are exceeded. 
The initial values of 5 and ci a r e  determined in this routine, using the equations 
4 eiaifli = mi(KsiSik+ K A i  A id + 5%iEik+ %iQik 
and 
Tik - TiU TiL - Tik 
lk = [TiU - TiL)' ( TiU - TiL)] 
where 
ci and ai a r e  selected such that 
is a minimum, usirg the four corner points of the "allowable a - E" diagram (see 
Form 7 of input sheets). 
ARANGE 
The constant-temperature terms, RijTjk4 a r e  added to the internal heat generation 
term in a further consolidation of terms. 
TRANSFM 
The input equations are reordered so the external nodes appear first. This 
saves computation time in the other subroutines. The rearrangement is performed 
using the transformation matrix, H, which is a rearrangement of the identity 
matrix, so that matrices become 
A!. = 
and vectors become 
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INVRSE 
The inverse of the conduction matrix, as augmented by the stability factors, Xi, 
is calculated in preparation for the iteration process used in MRD1. 
MAIN 
The calling of all major subroutines is performed in MAIN. Also all required 
initializations are performed here. 
The optimization process is started here, using the  initially estimated values of 
This subroutine is also used to calculate the temperatures, using the 
Matrix Inversion iteration scheme (See Part I). 
ONEPTl 
The derivatives, ada/acu and aP/&, are calculated using the equations: 
aTt, k, 
(no sum) 
(no sum) 
where N is the inverse of P. 
i f  j 
(K. .+4uR. .T  3 ) + 4 c i a i ~ T  3 i = j  
*l j = l  13 11 jkl 
MRD2 
Using the derivatives calculated in  ONEPT1, the step sizes are determined using 
the Maximum-Rate-of -Descent technique. 
In  addition, this routine is used to test the TREND step when necessary. The 
theory for TREND (Part I) pertains to three consecutive points only. If more than 
one point intervenes between two iteration points that lie on the same segment 
it is necessary to determine if the TREND step has a component in the posi- 
tive MRD direction, If it does, TREND is used; if not, MRD is used. 
CNTR 
Using the step sizes and directions from MRD2 o r  STEP, new CY;S and ri's a r e  
calculated, as well as the corresponding temperature, R*'s, and 8. 
4-3 
STEP 
If the CNTR result gives the same critical node, orbit, and limit for two con- 
secutive iteration points, and if 
Due to the monotonic character of B,  STEP would never be used, if the iteration 
procedure gave the exact temperature. Due to the iteration limit, DT, being 
greater than zero, there is a possibility that STEP will be used, if the new CY - F 
point gives the critical temperature within DT of the old CY - 
increased, then STEP is used to decrease (AS). 
point. 
TEST 
A segment of the B-surface is identsied by the values of i, k9 and 1 for BM where 
1 = 1 implies the lower limit governs and 1 = 2, the upper. TEST checks to see if 
the most recent step brought the iteration procedure onto a segment that had pre- 
viously been used, The check extends back only to the last iteration for which (As) 
was the same as that for the most recent step. 
TREND 
The TREND step is described in Part I. It corresponds to an extrapolation of the 
two most recent points on a given segment of R in  the direction of the most recent 
point, The step size and direction a r e  calculated here. 
TREND 2 
The TREND step is actually taken in this step, Temperatures a r e  calculated as 
well as po 
ADVNCE 
If the TREND extrapolation is successful, it is repeated with a larger step size, 
as calculated in  ADVNCE. 
This routine is also used to increase the step size if the result of CNTR gives the 
same critical node, orbit, and limit for two consecutive iteration points, and if R 
decreased. 
4-4 
STEP 
If the CNTR result gives the same critical node, orbit, and limit for two con- 
secutive iteration points, and if 8 increased, then STEP is used to decrease (as). 
Due to the monotonic character of B,  STEP would never be used, if the iteration 
procedure gave the exact temperature. Due to the iteration limit, DT, being 
greater than zero, there is a possibility that STEP will be used, if the new 01 - F 
point gives the critical temperature within DT of the old Q! - c point. 
TEST 
A segment of the &surface is identified by the values of i, k:, and 1 for Bikl where 
1 = 1 implies the lower limit governs and 1 = 2, the upper. TEST checks to see if 
the most recent step brought the iteration procedure onto a segment that had pre- 
viously been used. The check extends back only to the last iteration for which (As) 
was the same as that for the most recent step. 
TREND 
The TREND step is described in Part I. It corresponds to an extrapolation of the 
two most recent points on a given segment of fj in the direction of the most recent 
point. The step size and direction a r e  calculated here. 
TREND 2 
The TREND step is actually taken in this step. Temperatures a r e  calculated as 
well as pu 
ADVNCE 
If the TREND extrapolation is successful, it is repeated with a larger step size, 
as calculated in  ADVNCE. 
This routine is also used to increase the step size if the result of CNTR gives the 
same critical node, orbit, and limit for two consecutive iteration points, and if R 
decreased. 
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BACK 
When the TREND step has been extended too far, it is necessary to cut the step 
size. One reduced-step is used, as calculated in BACK. If this fails to improve 
B,  the second BACK step returns the iteration to the last good TFEND point. 
LIM 
In LIM, the a i s  and c i s  resulting from a step are checked to determine if the 
soiution is within the allowable limits. It is with+. the hmds if 
) - (CYi - Q - € .  ) 2 0  
( fi  - fi, n) '"i n+l- ai i,n) ('i,n+l 4 n  n = l , 2 ,  ..., 5 
where e. and ai is the iteration point in question and ci, 
points in the "allowable c( - 6" diagram (Form 7). Note that f 
a. - C Y  
and cy. are the corner 
= E and 
1 1, n 
i, 5 i, 1 
1,5 i, 1' 
If LIM finds ci and ai outside the allowable limits, then the iteration point is ad- 
justed back to the closest point on the limit line (along a perpendicular through 
the original iteration point). 
ALLOWABLE RANGE 
/-ATNUSTED POINT 
e 
It is possible for this adjustment to leave a point outside the allowable limits. A 
check is made to determine if the new point is still outside the bounds. If it is, 
the adjusted point is brought to the closest corner point of the Q - E Diagram. 
RESULT OF ORIGINAL ITERATION POINT 
SECOND ADJUSTMENT 
fi 
RESULT OF CHECK 
4-5 
INPUT 
The title of this  subroutine is self-descriptive. 
OUTPUT 
The title of this subroutine is also self -descriptive. 
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5.0 INPUT SHEETS 
The input sheets for the Coating Selection Program are shown in Figures 2 to 8. 
The nomenclature of the input is shown on pages 5-3 through 5-10 in the order that 
it appears on the input sheets. Column 1 lists the name of the input variable as it 
appears on the input sheet. Column 2 lists the FORTRAN name of the input variable 
as it appears in the program. Column 3 gives a brief explanation of the input vari- 
able. Column 4 lists the units of the input variables. Column 5 defines the input 
variable to be either fixed point (no decimal point permitted), floating point 
(decimal point must be hnciilded) or alphz-mmsric ( m y  combi,n.ztio~ of characters). 
The last column states the form number of the input sheets on which the variable 
is input. 
Arrangement of Input Deck 
The cards which make up the input deck must be arranged in a certain order 
prescribed by the program. The cards are to be arranged in the order that they 
appear on the input sheets. Then blank cards must be inserted into the deck. 
Insert blank cards in the following places in the input deck. 
1. After the last conduction interconnection data card (Form 3). Even 
i f  no conduction terms are included, a blank card is required. 
2. After the last radiation interconnection data card (Form 4). Even if 
no radiation terms a r e  included, a blank card must appear. 
3. After last environmental and internal heating data card (Form 5) for last 
orbit only. 
4. After last constant temperature node data card (Form 6). Even if no 
constant temperature nodes are included, a blank card must appear. 
5. After the last  coatingCspecificatioiis data card (Form 7). 
Conventions Used by Program 
To avoid confusion, a brief explanation of the signs of the input variable is given. 
All input variables are input as positive numbers except for internal heat genera- 
tion which may o r  may not be negative. Positive generation implies heat input to 
the node. The conduction inter-connection between node i and node i is not input. 
The radiation inter-connection between node i and node i is not input. The con- 
duction inter-connection between node i and node j is positive. The radiation 
inter-connection between node i and node j is positive. 
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CORM I COATING SELECTION PROCRAM INPUT SHE- 
I D E N T I F I C A T I O N  CARD ANY 71 CHARACTERS 
C A R D C O L U M N  a72 
NUMBER OF ORBITS NUMBER O F  NUMBER O F  
NUMBER OF NODES NUMBER :OC CONSTANT 
EXCLUDE CONSTANT 
TEMPERATURE NODES K COATINGS E X T E R N A L  Y O E S  
TEMPERATURE NODES 
N ( M A X  = S4) (MAX = EO) (MAX = 10) (MAX = 10) (MAX = 34) 
c 4 - CARD COLUMU c 
1 2 3  4 5  a 7  a 9  10 
I N I T I A L  S T E P  SIZE M I N I M U M  S T E P  S I Z E  STEPHAM-OOLTZMAN CONSTANT 
U S U A L L Y  0.1713 X 1 6 e  s M I N  A S  
n CARD COLUMN h 
srops: INSERT I TO STOP.  OTHERWISE INSERT o 
t 
ANY TEMPERATURE A L L  TEMPERATURES 
W I T H I N  L I M I T S  GREATER THAN IO000 
K ( I .  J) 2 K ( J,. I? R ( I .  J) 2 R (J. I) L E S S  THAN ZERO 
- - CARD COLUMN * 
1 I 3 4 
i 
OPTIONS: INSERT I FOR OPTION, OTHERWISE INSERT 0 
PROGRAM SETS PROGRAM CALCULATES 
K (J. I)  = K ( I .  J) AND R (J. I )  = R ( I .  J ) F O R  J > I INITIAL GUESS OF a 1s AND F 1s 
* CARD COLUMN 
1 2 
I 
INSERT TO STOP S T A B I L I T Y  OPTION FOR 
M A X I M U M  NO. O F  SOLVING HEAT BALANCE 
ALLOWABLE ERROR ALLOWABLE M A X I M U M  NO. OF FOR 
I N  SOLVING HEAT DEVIATION ITERATIONS FOR ITERATIONS F O R  1.0 0 T E M P  ONLY EQUATION 
BALANCE - FROM AESIDUAL SOLVING HEAT CALCULATION O F  2.0 OR ONLY 1.0 OPTION 1 
D T E M P  DR BALANCE (y 'S AND IS 3.0 D T E M P  AND 2.0 OPTION I 
OR 
* CARD COLUMN + 
I 8 9  16 17 ?A 15 32 33 4 0  4 1  a 8  
W L A R  ABY)RPTINCC 
, Y , R I  R E D E W T T A N C O  * 
T C M P L R A T I  HE T "R 
AREA s FTZ 
HEIT ILLX MULTIPLIERS I DIMENSIONLESS 
HLAT B L U N C L  LOIATION 
Figure 2. Input Sheet Form 1 
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COATING SELECTION PROGRAM INPUT SHEET 
NODE SPECIFICATION 
w 
0 0  
2 2  
n .  
F O R M  
F X T f  RN- 
T t  M P E R A T U R E  C O A T I N G  A L L Y  H F A T  F L l l X  Mlll T l P L l P R S  O F  I N I T I A L  M A X  C A R D  
NUMBLR Tf MP T F M P  L I M I T S  E ST I M A T E  S XPoSE 
A H k A  LIOLAR ALBEDO CARTI ,  INTRNL. 
K 
+ 
K K T 4  
5 A F KQ TINITIAL M A X  c AREA L O W E R  U P P E R  @ 
C A R D  COLUMN 
Figure 3. Input Sheet Form 2 
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COATING SELECTION PROGRAM INPUT SHEET 
CONDUCTION INTERCONNECTIONS 
F O R M  3 
CARD 
K ( I. J) K ( I. J) K ( I. J) NUMBER 
i o  
CONDUCTANCE B E T W E E N  NODE I AND NODE J K(1 .J ;  B T U l H F  R 
Figure 4, Input Sheet Form 3 
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COATING SELECTlON PROGRAM INPUT SHEET F O R M  -I 
RADIATION INTERCONNECTIONS 
CARD 
NUMBER 
R(l,J) R (I,J) R(1-J) 
CARD COLUMN 
RADIATION FACTOR BETWEEN NODE I AND J - R(1.J) - FT' 
Figure 5. Input Sheet Form 4 
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F O R M  5 
SOLAR HEAT F L U X  - S - BTU/HR 
ALBEDO HEAT F L U X  - A - ETU/'HR 
EARTH HEAT F L U X  - E -. BTU/HR 
INTERNAL HEAT GENERATION - Q - BTU/HR 
Figure 6, Input Sheet Form 5 
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KNWN TEMPERATURE NODES 
NODE ORBIT CARD 
NUMEER NUMBER NUMBER 
TEMPERATURE 
I CARD COLUMN m 
2 4  5 10 21 73 BE I 
COATING SELECTION PROGRAM INPUT SHEET FORM 6 
Figure 7. Input Sheet Form 6 
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COATING SELECTION PROGRAM INPUT SHEET 
------ 
F O R M  7 
.TERAL 
I . -  I I I I 
€ 1  € 2  F'l € 3  
Figure 8. Input Sheet Form 7 
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COATING SELECTION PROGRAM INPUT SHEET F O R M  8 
STEP CHANGE PROCEDURE 
C A R D  
NUMBER 
INCREASE AS D E C R E A S E  As INCREASE AS DE C R  E AS€ AS 
I N  M R D  I N  U R D  I N  T R E N D  I N  T R E N D  
C A R D  COLUMN * 
Figure 9. Input Sheet Form 8 
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6.0 OPERATING EXPERIENCE 
It is to be recognized that operating experience wil l  lead to operating efficiency for 
any computer program. The purpose of this section is to summarize the operating 
experience obtained in the first few months usage of the Coating Selection Program. 
6.1 Initial Values of N and c 
The programuses the equations given in Section 4.0 to calculate the initial values of 
01 and c 
best value in terms of R. It has also been found that the engineer's inituition is 
usually superior to the simple procedure of Section 4.0. 
It has been found that , of all the simple techniques tried, this gives the 
6.2 Step Size 
If NEXT is the number of external nodes, it is recommended that the initial step 
size be 
if the allowable ranges in CY and c are approximately 0.5. 
Good results are obtained if the step size is held constant for the entire run. That 
is, if Form 8 of the input sheets reads 
1.0 1.0 0.0 1.0 
A better understanding of the adequacy of the initial step size is obtained if 20% 
step-change increments are used, so Form 8reads 
1.2 0.8 0.2 0.64 
The 0.64 arises since the reduction procedure is applied only every second time 
TREND fails. If the initial step size is too large, the 20% reduction procedure will 
tend to decrease it, but not to the point where the (Y and 6 changes are insignificant. 
6.3 Stability Op tion 
Stability Option #2 has not failed in any cases attempted to date. In one case the- 
maximum temperature of one node exceeded the estimated maximum, but conver- 
gence was still obtained. 
6.4 The Iteration Process 
The maximum anticipated temperatures and the condition of the conduction-plus- 
radiation matrix determine the running time and the most suitable values of the 
iteration Limits, DTemp and DR. The interdependence of the various factors can 
be recognized from the analysis given in Appendix C. 
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6.4.1 Selecting DTemp arld DR 
As suggested in Appendix C, for  completely new problems, it is necessary to make 
at least two computer runs to determine a suitable value for DR. If AC. is the 
change from one orbit to the next in environmental fluxes absorbed by ndde 'if, 
then the two runs can be made with, for example 
DR1 = 0.001 max A Ci 
DR, = 0.01 max AC: 
i 
i L 
The resultant temperatures 
DR 
1 
will deviate from their equilibrium values by 
If a one degree e r ror  is permissible, this equation can be used to estimate the 
reauired value of DR. 
The DTemp iteration Limit is not reliable, since it can be satisfied even if the 
solution is far from the correct one if the rate of convergence is slow enough. A 
nominal value of one degree will  usually ensure that at least two iterations are 
taken. For this size, D T ~ ~ P ,  DR usually governs when the iteration process is 
terminated. %emp would be on the order of 0.001 if it were to govern termination. 
6.4.2 Running Times 
Appendix C shows the relationship between ri and the Ti (max) estimate. At least 
to an approximate degree, the running time is inversely proportional to 
3 log (1 -7 ) 
where 
Therefore, if the running time is known for one case, the running time can be 
estimated for the second case by the equation 
For example, if T = 2/3 and T 2 = 1/2, 82/e 1 = 2.6. If T~ = 0.9, 8 /e P 0.27. 
2 1  
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Another factor that affects running time is the condition of the matrix. If the 
internal conduction and radiation te rms  are large compared to the external radiation 
terms, the spectral radius of the iteration matrix will be near unity and convergence 
will be slow. There is no convenient measure of this almost-singular behavior, 
although the ratio 
r =  
c .u  a. T. ( d3 
1 1 1  - 
A.. + aii 
11 
can be used as a rough indication. If 
will be slow. 
is small (0.01 for all nodes), convergence 
From the above discussion, it is evident that a general equation for running times 
is not possible for the Coating Selection Program. Paragraph 6,7 shows some ex- 
amples that may be useful in estimating time requirements, It is recommended 
that the first run of a new problem be limited to 10 minutes, 
6.5 Analyzing Cases 
The Coating Selection Program is a tool - not a panacea. It is not expected to be 
practical for the engineer to mechanically enter the design conditions and have the 
computer mechanically calculate the optimized solution. It has proven in thepast, 
and wil l  probably continue to prove more effective for the engineer to use his 
knowledge of the physical aspects of the problem to analyze the results of the com- 
puter calculations. In this section some ideas are given for methods of analyzing 
the results. 
6.5.1 Maps 
A graph showing the Q- 
Appendix D) is a great aid in understanding 
values for each node for each iteration (See Figure 14, 
(a) if the step-size is appropriate; 
(b) if the step-size change rates are appropriate; 
(c) what the general trend of the solution is; 
(d) which are the most influential nodes; and 
(e) what the effects of initial conditions are. 
The best procedure is to plot the initial conditions and the final (best-8) conditions, 
then to insert intermediate points as required to indicate the progression of each 
- c pair. 
6.5.2 Worst R's  
Under ideal conditions, all the f3& values would be equal. For most cases, however, 
there are only two or three B,'s that are equal. A listing of the maximum B,'s 
6-3 
gives some indication of how close the solution is to the best attainable, especially 
if some of the temperatures are at their upper limits and others at their lower 
limits. For example, a listing as follows: 
Node Orbit  Limit B 
1 2 U -0.300 
1 3 L -0.300 
1 1 U -0.303 
2 4 L -0.305 
5 2 L -0.306 
would indicate that the solution was  approximately optimum. If 0 were descreased 
to lower the temperature for  node 1, orbit 2 andthereby decrease /3 for orbit 2, it 
would also decrease the temperature for node 1, orbit 3 and, therefore, increase 
R for orbit 3. Hence, the conclusion is drawn that the best solution has been 
attained. 
A listing such as 
Node Orbit Limit R 
1 2 U -0.300 
1 3 U -0.300 
1 1 U -0.310 
2 4 L -0.320 
5 2 L -0.330 
is less conclusive, since all the node-1 cases are at their upper limits. 
A listing such as 
Node Orbit Limit 8 
1 2 U -0.300 
1 3 U -0.350 
1 1 U -0.400 
2 4 U -0.450 
5 2 U -0.450 
is reasonably conclusive in that the optimum has not been attained. 
Further experience is required to determine how to judge the intermediate cases. 
Unfortunately the experience will probably be particular to each case. Section 6.7 
gives some examples. 
6.6 Recommended Procedures 
6.6.1 General 
It is recommended that the following procedure be used in applying the Coating 
Sekction Psngsm I 
a) Estimate, by intuition if necessary, the best initial values of 01 and E. 
If such an estimate is impossible due to a lack of understanding of the 
physical problem, let the computer select the initial values. 
b) Set 
4 = 0.1 dNExT 
and the AS change rates (Form 8) to 1.2, 0,8 ,  0.2, 0.64. 
c) Use Stability Option 2 
d) Set AT = 1.0 
e) Make two runs (two iterations each) with different values of DR: 
DR1 = 0.001 maxACi 
i 
D R ~  = 0 . 0 1 m a x k ~  
i 
Calculate the required DR from the equation 
1 DR2 - DR1 2 max (Ti - T;')) DR = E o  
where E is the allowable error in the temperature calculation (usually 1 
o r  2 Fo). Calculate DR/E for both iterations and use the smaller value 
in the above equations. 
f) From the temperatures calculated for the above trials, estimate new initial 
values of O! and e . 
g) Run the new DR and 01 - 
minutes running time, whichever is the maximum. 
values for approximately 10 iterations or 10 
h) Map the progress of the a - optimization procedure. If the movement is 
small and the final 4 3  is equal to or larger than the initial value, increase 
the &. If &3 has been reduced by the program, reduce the initial value 
of &. If neither of these conditions is evident, use the same initial 4. 
Do not re-run unless Step (i) so indicates. 
i) Calculate approximately the five largest 8,’s 
List the node, orbit, upper o r  lower limit, and @ value for these largest B & ’ s o  
Judge from this if  further gains are possible. If they are, re-run, starting at the 
best - B point of the previous runs. 
j )  Repeat steps (g), (h), and (i) until the best possible solution is obtained. 
The number of iterations and running time should be adjusted to suit the 
problem. 
6.6.2 Special 
There are instances in which either cy or  E or both must remain fixed for some 
nodes. The values can be fixed by specifying a small restriction box around the 
required cy - E values (see Form 7). A more efficient means is as follows: 
a) fixeda: Let 
= cy (Ksi Sik + KAi A, ) + KQi Qik 
[KQi %] New 
and then set 
%. = 0.0 
1 
= 0.0 KAi 
b) fixed E : Let 
LKQi ‘ik1 New = E .  1 KEi Eik + KQi Qik 
R.. = E a. i i  
1 
where j is the number of a constant temperature node (at Oo R). 1 
6.7 Examples 
6.7.1 EPE-D (Explorer XXVI) 
The NASA EPE-D is described in Volume I. For reference purposes, the input 
data is shown in Appendix D. The results of the recommended procedures were 
as follows: 
a) The computer was used to obtain the initial values of 01 and E . 
b) &3 of 0.1 was used to determine the DR requirements, since this data 
was available from runs made while establishing the procedure. 
c) Stability Option 2 was  used. 
was set equal to 1.0. DTemp 
e) The results of the DR check were: 
2 0.10 0.16 1.78 
3 5.00 9.09 1.85 
For  E = l.O°F, DR = 0.54 
f) Initial values of 01 and c were estimated using the temperatures 
calculated in the DR check. The initial values are shown in Appendix D. 
g) A ten-minute run was made, the results of which a re  shown on Figure 13 
(Appendix D) . 
h) Figure 14 (Appendix D) shows the ry - c map. 
i) Since Node 17 governs s o  predominantly, another run would have been 
warranted had this not been a demonstration problem. 6's as low as 
-0.126 had been attained in the cases used to develop the procedure. 
Running times for this 20-node problem were approximately 3 minutes plus 0.3 
minutes per  iteration. 
6.7.2 S-52 
The input data for the NASA S-52 is shown in Appendix E. The results of the 
recommended procedure were as follows: 
a)  
b) 
The computer was used to obtain the initial values of 01 and €. 
& of 0.2 was used to determine the DR requirements, since this data 
was  available. 
c )  Stability Option 2 was used. 
w a s  set equal to 1.0. dl DTemp 
6-7 
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e) The results of the DR check were 
E 
DR 
- 
1 0.2 - - 
2 0.2 0.10 - 
3 1.0 1.55 1.94 
Case 2 differed from Case 1 only in that the maximum temperatures 
were 990° for Case 2 rather than 750%. The solutions were  approxi- 
mately 500%. For E = 1. OOF, DR = 0.52. 
Initial values of CY and E were estimated using Me temperatures 
calculated in the DR check. The initial values are  shown in Appendix E. 
A ten-minute run was  made, the results of which a re  shown on Figure 15 
(Appendix E). 
Figure 16 (Appendix E) shows the (Y - F map. 
Since the two worst B ' s  are not equal, further improvement is possible. 
p ' s  as low as - 0.198 had been attained in the computer runs used in 
establishing the procedures. 
Running times for this 34 node problem were approximately 6 minutes plus 0.4 
minutes per iteration. 
6.7.3 IMP-C 
The input data for the IMP-C is shown in Appendix F. The results of the recom- 
mended procedure were as follows: 
a) The computer was used to obtain the initial values of Q! and E. 
b) AS of 0.4 was used to determine the DR requirements, since this data 
was available. 
c )  Stability Option 2 was used. 
w a s  set  equal to 1.0. dl DTemp 
I 
i 
I 
I 
1 
I 
8 
I 
I 
1 
I 
I 
I 
1 
I 
1 
I 
I 
e 
e) The results of the DR check were 
2 0.2 0.02 
3 1.0 1.23 1.54 
Case 2 differed from Case 1 only in that the maximum temperatures 
were 990% for Case 2 rather than 750%. The solutions were approxi- 
mately 400%. For E = 1. OOF, DR = 0.65. 
f) Initial values of a and € were estimated using the temperatures calculated 
in the DR check. The initial values are shown in Appendix F. 
g) A ten-minute run was made (7 iterations) and the temperatures were 
still out of range. Two more twenty-minute runs (29 iterations each) were 
made, yielding, finally, a negative B . The results are shown on Figure 17 
(Appendix F). 
Figure 18 (Appendix F) shows the CY - F map. The three runs are all 
shown on this one diagram. 
h) 
i) Little improvement in B is likely, since orbits 3 and 5 have nearly equal 
B ‘s, one an upper limit, the other a lower limit. 
Running times for this 34-node problem were approximately 6 minutes plus 0.4 
minutes per  iteration. 
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7.0 OUTPUT SHEETS 
The following pages of this section show the output sheets for the sample case 
considered in  Section 8. The sheets essentially are self-explanatory. There 
is one input check that needs explanation. 
If one node has no entry in the conduction o r  radiation interconnections (Kij o r  Rij), 
either directly as input or implied by symmetry, the program will not run. The 
computer prints 
DIAGONAL NOT GREATER THAN ZERO 
Two checks are made during the computer run. Since the solution to the heat 
balance equations involves a matrix inversion, the accuracy of the inverse is 
checked, The heat fluxes are set to give all the temperatures equal to 1.0, i f  
the inverse is exactly correct. The computer prints out the actual temperature 
calculated. Usually the single precision inversion is accurate to 5 places. 
If the heat balance iteration process does not converge within the prescribed num- 
ber of iterations, the program prints the last two values of the temperature changes 
(T1 and T2) and the residual vector (R1 and R2). It also prints an estimate of the 
number of iterations still required to obtain the solution. DELNT is the number 
of additional iterations based on the DT limit and DELNR is based on the D Limit. 
The estimate is made for each node based on an exponential decay in [T@+lF- fin)] 
and r b ) .  
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i 8.0 SAMPLE PROBLEM To illustrate the use of the input and output sheets, the application considered 
in Part I of this final report will be considered in detail for the case where four 
coating patches are  used. Figures 10 ar,d 11 give the pertinent geometrical data. 
Table I gives the orbital-heat flux data. Figure 12 shows the calculations pertinent 
to the input sheet data. The subsequent pages give the input sheets for this particu- 
lar problem. The output sheets are shown in Section 7.0. Only the first and last 
few steps of the iteration sequence are shown, since these are typical of the other 
steps. Table II summarizes the results of this run as well as runs for one and 
eight patches for the same orbital conditions (See Table I). 
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Figure 10. Vehicle Geometry 
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RANGE IN SOLAR 
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Figure 11. Orbit and Patch Geometry 
MULTIPLE RADIATION BARRIERS AROUND 
ENTIRE CIRCUMFERENCE. % = 0 .05  
F T ~  
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577 ( T )  K12 = 
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Figure 12. Calculations Pertinent to Input Sheet Data 
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COATING SELECTKIN PROGRAM INPUT SHEET FORM 1 
IDENTIF ICATION CARD A N I  71 CHARACTERS 
NUMEER O F  NODES 
EXCLUDE CONSTANT 
TEMPERATURE NODES 
N (MAX = w) 
I SAMPLE CASE FOR FINAL REPORT 4 EXTERNAL NODES J 
NUMBER OF NUMEER O F  
COAT l N 6 S  
NUMeER OF NUMFIER :OF CONSTANT 
K EXTERNAL YOOES 
TEM-RATURE NODES 
(MAX = eo) (MAX = IO) (MAX = 1 0 )  (MAX = Sr) 
* CARD COLUMN * 
2 3  4 5  a 7  8 9  10 I 
05 10 0 01 04 . 
~ 
I N I T I A L  STEP S I Z E  M I N I M U M  S T E P  S I Z E  STEPHAPC-+IOLTZMAN CONSTANT 
USUALLY 0.1713 X 1- A S  A S M I N  
I CARD COLUMN * 
I I i 
i 
A L L  TEMPERATURES ANY TEMPERATURE 
W I T H I N  L I M I T S  
K ( I .  J) 2 K ( J.. !? R (I. J) 2 R (J. I )  LESS THAN ZERO 
GREATER THAN 10000 
4 CARD COLUMN 
PROGRAM SETS PROGRAM CALCULATES 
K (J. 1 )  = K ( I .  3) AND R ( J ,  I )  = R ( I .  J ) FOR J > I I N I T I A L  GUESS OF ' S  AND f '5 
4 CARD COLUMN c 
ALLOWABLE ERROR ALLOWABLE M A X I M U M  NO. OF M A X I M U M  NO. OF 
I N  SOLVINC HEAT DEVIAT ION ITERATIONS F O R  ITERATIONS FOR 
BALANCE - FROM k E S l D U A L  SOLVING HEAT CALCULATION OF 
D T E M P  DR BALANCE (y '5 AND f '5 
SOLVING HEAT BALANCE 
2.0 DR ONLY 1 . 0  opr ios I 
8- 5 
COATING SELECTION PROGRAM INPUT SHEET 
NODE SPECIFICATION 
TE M PE RAT VRE COATING 
L I M I T S  EST I M A T E S  
zz 
F O R M  - 
EXTERN-  
A L L Y  
E X  POSEU 
AHt A 
AREA 
I 
HEAT FLUX M ~ I L T I P L I F R s  OF I 14 IT I A1 
I N I T I A  
A L L Y  I  U X  ~ ~ L T ~ P L ~ F R S   I I I * LI  M A X  I I C A R D  I 
NUMl3tR  FXPOSEU T E M P  T F M S  
t  SOLAR ALBEDO BARTH INTRNL.  
+ 
K K K K r 
S A t 
E
CARD C O L U M N  
i 
I 
I 
I 
I 
I 
1 
I 
8 
I 
I 
I 
I 
I 
1 
I 
1 
1 
1 
COATING SELECTION PROGRAM INPUT SHEET FORM 3 
CONDUCTION INTERCONNECTIONS 
K ( I .  J) K ( I .  J) K ( I .  J) CARD 
NUMEER 
CARD C O L U M N  
CONDUCTANCE BETWEEN NODE I AND NODE J K(I.J; BTU/HE OR 
8-7 
COATING SELECTlON PROGRAM INPUT SHEET F O R M  4 
RADIATION INTERCONNECTIONS 
CARD 
NUMBER 
R ( l , J )  R ( 1 4 )  R ( 1 . J )  
CARD COLUMN 
RADIATION FACTOR BETWEEN NODE I AND J c R ( I , J )  - FT2 
8- 8 
I 
I 
8 
I 
I 
I 
I 
I 
I 
I 
I 
I 
8 
I 
1 
E 
1 
I 
COATING SELECTION PROGRAM INPUT SHEET 
ORB11 
ENVIRONMENTAL AND INTERNAL HEATING 
t 
F O R M  I 
I 
INTERNAL CAPD 
SOLAR HEAT FLUX ALBEDO HEAT FLUX EARTH HEAT F L U X  
HEAT GENERATION h U M E E R  
CARD COLUMN 
SOLAR HEAT FLUX - S - BTU/HR 
ALBEDO HEAT FLUX - A - BTU~HR 
EARTH HEAT FLUX - E - BTU/HR 
I N T E R N A L  HEAT GENERATION - Q - EITU/HR 
8-9 
COATING SELECTION PROGRAM INPUT SHEET 
O R B I T  
NUMBER 
ENVIRONMENTAL AND INTERNAL HEATING 
SOLAR HEAT FLUX - s - BTU/HR 
ALBEDO HEAT F L U X  - A - BTU/HR 
EARTH HEAT F L U X  - E -I BTU/HR 
I N T E R N A L  HEAT GENERATION - P BTU/HR 
8-10 
F O R M  5 
I 
I 
I 
I 
I 
I 
I 
I 
I 
8 
I 
I 
I 
I 
8 
I 
I 
I 
F O R M  7 
SOLAR HEAT FLUX - 5 - ETU/HR 
ALEEDO HEAT FLUX - A - ETUl'HR 
EARTH HEAT FLUX - E -- ETU/HR 
INTERNAL. HEAT GENERATION - P - EITU/HR 
8-11 
I 
COATING SELECTION PROGRAM INPUT SHEET 
O R B I T  
NUMBER 
ENVIRONMENTAL AND INTERNAL HEATING 
F O R M  5 
I 
I N T E R N A L  CARD 
SOLAR HEAT FLUX ALEEDO HEAT F L U X  EARTH H E A T  F L U X  
NODE 
NO. H E A T  GENERATION NUMBER 
SOLAR HEAT F L U X  - S - BTU/HR 
ALBEDO HEAT F L U X  - A - BTU/HR 
E A R T H  HEAT F L U X  - E -- ETU/HR 
I N T E R N A L  HEAT GENERATION - Q - BTU/C(R 
8-12 
F O R M  
' 
COATING SELECTION PROGRAM INPUT SHEET 
O R B I T  
NUMBC R 
3 ENVIRONMENTAL AND INTERNAL HEATING 
05 
INTERNAL CARD SOLAR HEAT FLUX ALBEDO HEAT F L U X  EARTH HEAT F L U X  
HEAT GENERATION NUMB€ R 
: 
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F O P L A  COATING SELECTION PROGRAM INPUT SHEET 
O R B I T  
N U M B E R  
ENVIRONMENTAL AND INTERNAL HEATING 
SOLAR HEAT F L U X  - 5 - BTU/HR 
ALBEDO HEAT FLUX - A - BTU/HR 
EARTH HEAT F L U X  - E - BTU/HR 
INTERNAL HEAT GENERATION - Q - BTU/HR 
8-14 
COATING SELECTION PROGRAM INPUT SHEET 
ORBIT 
NUMBER 
F O P M  ’ 
107-1 ENVIRONMENTAL AND INTERNAL HEATING 
I 
INTERNAL CARD 
SOLAR HEAT FLUX ALB€DO HEAT FLUX EARTH HEAT F L U X  
H E A T  GENERATION NUMBER 
CARD COLUMN 
0.0 I 4.54 I 0.0 
0. 0 I 4.54 I 0. 0 
I 0.0 I 38.6 0. 0 
I I 
0.0 38.6 0.0 07 
0.0 0.0 489.0 07 
SOLAR H E A T F L U X  - 5 - BTU/HR 
ALEEDO HEAT F L U X  - A - BTU/’HR 
EARTH HEAT F L U X  - E - BTU/HR 
INTERNAL HEAT GENERATION - Q - ETU/HR 
8-15 
F O R M  5 COATING SELECTION PROGRAM INPUT SHEET 
O R B I T  
NUMBER 
ENVIRONMENTAL AND INTERNAL HEATING 
I I I I I I 
SOLAR HEAT F L U X  - 5 - BTU/HR 
ALBEDO HEAT F L U X  - A - BTU/HR 
EARTH HEAT F L U X  - E - BTU/HR 
INTERNAL HEAT GENERATION - a - BTU/HR 
8-16 
F O R M  5 
SOLAR HEAT FLUX - S - %TU/HR 
ALBEDO HEAT FLUX - A - BTU/HR 
EARTH HEAT FLUX - E -_ BTU/HR 
INTERNAL HEAT GENERATION - P - BTU/HR 
8-17 
COATING SELECTION PROGRAM INPUT SHEET F O R M  5 
ORB11 
NUMBER 
?I ENVIRONMENTAL AND INTERNAL HEATING 
I 
SOLAR HEAT F L U X  ALBEDO HEAT F L U X  EARTH HEAT F L U X  
I N T E R N A L  CARD 
H E A T  GENERATION NUMBER 
C A R 0  COLUMN 
I I I I I 
1 
8 
SOLAR H E A T  F L U X  - S - BTU/HR 
ALBEDO HEAT FLUX - A - aru/i.fR 
EARTH HEAT F L U X  - E - ETU/HR 
I N T E R N A L  HEAT GENERATION - P - BTU/HR 
8-18 
COATING SELECTION PROGRAM INPUT SHEET F O R M  6 
K N W N  TEMPERATURE W S  
r I I I 1 
N O D  E O R B I T  C A R D  
N U M B E R  N U M B E R  N U M B E R  I T E M P E R A T U R E  
C A R D  C O L U M N  m 
0 
T E M P E R A T U R E  -- T - R 
N O D E  N U M B E R S  BEGIN W I T H  ( N  + 1 )  A N D  E N D  W I T H  ( N  + 5 )  
8- 19 
COATING SELECTION PROGRAM INPUT SHEET 
CCIATING SPECIFICATIONS 
F O R M  7 
8-20 
'ERAL 
COATING SELECTION PROGRAM INPUT SHEET FORM 8 
STEP CHANGE PROCEDURE 
CARD 
NUMBER 
1 NCR E A S E  AS D E C R E A S E  AS INCREASE A 5 D E C R E A S E  AS 
I N  MRD I N  M R D  I N  T R E N D  I N  T R E N D  
CARD COLUMN 
8-21/22 
1 
I 
I 
~8 
I 
1 
8 
I 
i 
8 
8 
I 
1 
I 
I 
I 
1 
D 
9.0 APPENDICES 
Appendix A. Program Storage 
Approximately 12,000 words of storage are required for the program logic, The 
remainder is used for data storage. The data storage requirements of various 
arrays as found in COMMON and DIMENSION are shown on Tables III and IV, 
respectively. The total requirement is 
DSR = 6N2 + N(59 + 3c + 8b + 2r) + 3r  + 8k + 26 
where 
N = maximum number of nodes (excluding constant temperature nodes) 
r = maximum number of TREND steps to be remembered 
b = maximum number of orbits 
c = maximum number of constant-temperature nodes 
k = maximum number of coatings. 
The values of these parameters in the present program are: 
N = 34 
r = 40 
b = 20 
c = 10 
k = 10 
giving DSR = 18348. 
If a problem will not f i t  within the above dimensions, it is possible to change the 
dimensions of the arrays shown on Tables III and N, then recompile the program. 
The above DSR limit may not be exceeded, however. It is also necessary to change 
the following: 
1. The calling sequence for MTINV must be 
CALL MTINV (ARRAY NAME, NNGDE, NNGDE, N, SCRAT) 
where N is the only change and must correspond to the maximum number of 
nodes. 
2. The upper limits on the DO-loops in the INPUT SUBROUTINE numbered 400, 
450, and 460 must correspond to N, N, and (N + c), respectively. 
9- 1 
3. In SUBROUTJNE OUTPUT, four statements must be changed 
if r is changed 
Statement 86: IF (LR. LT.-) Go to 95 
Statement 87: LR = 
Statement 871: IA = M + - 
Statement 89: DO 90 M = -- 
In Statement 86, the value of "r" should be put in the blank. 
If the number of TREND steps to be remembered exceeds the maximum number 
allowed (r), the TREND memory is shifted back X values. Then, if r equals 40, 
X equals 10, and 40 consecutive MRD steps a r e  taken, the TREND memory will 
shiftat the 40th step to store step 39 in the location of 29, 38 in 28, etc., and 
40 in 30. Steps 1 to 10 would be erased (forgotten) and replaced by steps 11 to 20. 
In Statement 87, the blank should be filled in with the value of (r - X). In State- 
ment 871, the blank should be filled in with the value of X. In Statement 89, the 
first blank should be filled in with the value of (r - X + 1); the second, with the 
value of r. 
The present program uses X = 10. 
9-2 
I' 
I 
I 
I 
I 
I 
1 
1 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
1 
ALPHA 
ALPFX 
ASPEC 
CONDU C 
COWER 
EARFX 
EMIS 
ESPEC 
EXAREA 
HEATKA 
HEATKE 
HEATKQ 
HEATKS 
KOAT 
NOPTN 
NSTOP 
Q= 
RADTN 
SOLFX 
T 
TEMMAX 
TINTL 
TL 
TABLE IIL 
N x l  
N x b  
4 x k  
N x (N + c) 
6 x 1  
N x b  
N x l  
4 x k  
N x l  
N x l  
N x l  
N x l  
N x l  
N x l  
5 x 1  
5 x 1  
N x b  
N x (N + C) 
N x b  
N x (N + c) 
(N + C) x b 
(N + C) x 1 
(N + C) x 1 
ARRAYS IN COMMON 
Tu 
ALOW 
ALS 
AT 
DALPHS 
D A M  
DASTE 
DEMISS 
DES 
DESTI-! 
EMLOW 
EPS 
IS 
KS 
LS 
NN 
PBA 
PBE 
R 
SCRAT 
SUMKT 
TITLE 
TM 
N x l  
N x 6  
N x r  
N x N  
N x l  
N x 2  
N x l  
N x l  
N x 2  
N x l  
N x 6  
N x r  
r x l  
r x l  
r x l  
N x l  
N x l  
N x l  
N x l  
N x l  
N x b  
12  x 1 
N x N  
9- 3 
I 
TABLE IV. ARRAYS IN DIMENSION STATEMENTS 
SUBROUTINE ARRAYS 
CNTR 
INVFSE 
MRD2 
ONEPTl 
START 
TRANSFM 
MRDl 
9-4 
BETAMX(N, 4) 
I 
Appendix B. Logic Diagrams 
MRD 2 
r I 
'OB a c  , be.  be. Let AuQ= hi AciE = bei r = r + l  
Solve for Tu,'% cnlcukte ea's, select i. k, 1 such that Bild = ma% dW Let B = Bud 
b t l  MRD 1 
1 
LetI-=i  K - = k  L-=l u Q = u i  fig=fi bS=AS0 ALSi,=ui EF'Slr=ci KS 1 = k  B 1 = i  Ls l= l  
cNTR I 
I Solve for T. 's. Calculate Bik{S. Select L k L such that Bud = i. max k, 8, 'k 
NOTES: 
Subscripts are generally used as follows: 
i designates Node Number 
k designates Orbit 
g designates Iteration 
r designates MRD Point 
1 designates Upper (2) o r  Lower (1) Limit 
. 
max Are i = I-, k = K-, 1 = L 
I 
Yes 
Go To Step 
I 
NO 
c 
Let g = g + l ;  9 = B M  
K,,, = k 
9-5 
Test 
h i 
No + 
Yes 
I 
Let j, for the first  value of j for which IS = Is,, equal q 
l o T O d  + 
Let ,A CY ig = ALSir - ALSiq ; bc ig = Emi, - EPS iq 
Trend 
h 
I I 
Trend 2 
4 Go To Test 2' 
~~ 
max 
Solve for T ~ ' S ?  calculate Bik{s, Select i, k, 1 such that bikl = i, k, 
Let IT =i,  KT = k, LT = 1 
flikl 
Yes No 
NOTE: 
An Alternate Trend 2 
is given in Appendix D 
4 1 
Go To BACK Go To ADVANCE 
t 
I 
I 
I 
I 
1 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 

p- 
& 
& a 
a 
8 
n 
n 
+I 
U 
0 
0 
N 
* 2  
N 
B 
-g-- F 
W 
8 
9- 7/8 
?l I s n  > 4  
X = €  * 4 (g+l) 
Laill+ NO YES RETURN 
L. -CL. 
-QL. 
1, (n+l) 1, n 
cyLi, (n+l) 1, n 
x l =  ADJUST 
cy = Y - x1. (6 -XI 
i, (g+U i, k + l )  
CHECK 
YES + RETURN 
NO +CHECK - Ls n = l  
A Y1 = 1/x1 1 * = i, (g+l) 
I I € .  , - . -  - i, (g+1) 1, n 1,n - aL. ) + x1-x + Yl-€L .  
L YES NO 
I I 
n = n + l  Q 
*RETURN 
rn LlM1 
t 
RETURN 
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Appendix C. Analysis of the Iteration Process 
The heat-balance equations can be writted (Equation 3.5, Volume I): 
-3 -3 4 + 4 E .  a. u Ti Ti - 4 €. a. 0 Ti T. - E. a. u T i  1 1  1 1  1 1 1  
where 
C. = CY. S. + €. E. + Q. 
1 1 1  1 1  1 
-2 -2 
9 J J 
cp.. = u (Fi + E) ( T ~  + T.) 
The residual vector is then given by the equation: 
-3 r .= C -EA!! T . + C M . . c p . . T . + 4 c i u a i T i T i  
1 i 11 J j 13 1J J 
j 
(C. 2) 
4 4 - CM.. T - E. u a .  Ti 
i j j  1 i 
j 
Let 
((2.3) E(.)= T(n) - T (4 
Then 
where 
If E(") is small enough (for example, 10' compare to 5004,  Equation (C.4) can 
be approximated bv 
This equation gives the relationship between the residual, ri, and the deviation of 
the nth iterate from the exact solution. 
9- 10 
I 
s 
I 
1 
1 
I 
I 
I 
If a n  iteration limit was place on Eln), Equation (C. 5) could not be used to relate 
is not known. If theworstcombinationof q(n) limits were used in attempting to r e -  
late an E i b )  limit to an rib) limit, a large value of DR might result; then, in the 
actual calculation, all the Ei(n)'s might be small except for  one, which would be 
large - possibly intolerably large. Therefore, the conversion of an Ei@) limit to 
an ri(n) limit fai ls .  
this to an iteration limit on rln (7 . Note that EP)  cannot be used directly since TJn) 
Equation (C. 5) can be used to compare several iteration values. Thus 
n 
using the iteration formula to relation (dn+l) - ~ ( ~ 1 )  gives 
c. 
Therefore, the ri's follow an exponential decay. #n the most elementary case. 
f Jyj \is exactly the inverse of -, i Aij + 4 a-- Tj(") and ri follows the relationship k f  11 J 
r. ( 4  = r.(o) e-" 
1 1 (C. 8) 
Therefore, at least approximately 
From Equation (C. 2), it is evident that 
r. (O) ACi 
1 
(C. 10) 
where AC. is the change in  Ci from one case to the next. 
Several important conclusions can be drawn from Equations (C. 5) to (C. 10): 
1 
a. 
b. 
C. 
d. 
the r p )  that is largest will depend on which Ci changes the most from 
case to case (a - c set to a - c set); 
the relative magnitudes of the r p ) v s  will remain the same throughout 
the iteration process; 
the node that has the largest temperature change from iteration to itera- 
tion is also the node that is furthest from the solution (strictly speaking, 
the comparison should be made only between every second iteration, 
to eliminate the effect of oscillatory convergence); 
for a given set of initial conditions (ri(o)'s and Ti(O)'s), the values of 
9-11 
1 1 
can be related by Equation (C. 6) 
Therefore by performing the iteration process for two different values of DR and 
noting the maximum temperature change, the value of DE can be approximated by 
Equation (C. 12). It must be ascertained thatp is an even number for the approxi- 
mation to be valid. If the DR's differ sufficiently, the e r ror  in approximating DE 
should be small, however, if p is an odd number. 
Equation (C.7) can be used to study the rate of convergence of the iteration process. 
J" is the inverse of the conduction-plus-linearized-radiation terms. Although the 
linearization is somewhat different from the form 
the result will be assumed the same. Then 
3 3 
and, for (T (max) - T:(") ) small 
o r  
Therefore, the larger T (max) is, the larger ri will be for a given iteration number 
and the s wer will e convergence. If the problem involves radiation only and 
all the Ttq's and T PY max 's are the same for all nodes, 
9- 12 
Further insight into the iteration process can be obtained by considering the 
spectral radius o€ the iteration matrix 
z = ( A + R + X ) - l X  
P (Z) = v 1 + p  [(A+R+X)-lX 
(See Appendix B, Volume I.) E the internal conduction and radiation is dominant 
and if X is near zero 
(A+R+X) 
is nearly singular, so P [(A+ 
equal to unity, so convergence is very slow. 
+ is very large and p (Z) is approximately 
9- 13 
0 
0 
U. 
0 
c 
c 
c 
G 
c 
c 
c c 
P 
r( u- 
c 
C' 
0 
c. 
c 
N 
c z 
c I 
t 
4 
L: 
~. 
z 
? 
I- 
d 
U 
I- 
C 
U 
Q c 
LL 
c 
c: 
c 
C 
I C 
U 
c c  
C C  
- c  
L C  
c c  . *  
U 
i; z 
c 
U c c z 
c c- - 
C i- 
.? I1 . 
c 
z 
I 
I- 
a 
c 
U V  
K X e  
C C + L  
Z X  c 
U C L I I -  
u c c  
K O  u u u  
> 
U K  - v  
U 
n -  
C 
I1 2 
U 
C 
L L Z  
I C  c -  
- I -  
d a  
a c  
c I I Z - - r  
c c 
v ( r  
r r u  
c 
3 :  
c 
I 
9- 14 
I 
I 
I 
I 
I 
1 
0 z a  
0 0  C O O C O O O C C C O C O O O O O O O C  
I W  c c c c c ~ c c c  c c o c c c o c c c  
LLc .................... 
C U  C O O C O C  0 G G C O C L t C C  C O C  C 
yi u LF Lp u Lp Lp m u  tn Ln LF u u. u u m u u LPI UI x n  c e + c c c c + + c c c + c t - c c c c c  
< x  
T U  
d C C C C C O C C C C O C G C C C O C G O  
4 C C C G C O C C C C C O O O C C O C ~ C C  - a  .................... 
2 c Lp Lp In Lp LF In lr Lp u. u- VI m Ul m m  tn u VI VI u 
t-x c c ~ o o c c c c ~ o o c o o c a c o c  -u c c c c t c r c  c C O O C P C C C C ~ C  
c 
-1 
4 
Z C C C c C C O C * C G C C C  C C C C C C C  
m c - c c c  C L C C C C O O C C C C C C C C  
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LLC - - - - d + d 4 4 - - - d - - d - d - ~  
i iz  - 
Lp 
LL, 
-I c c c c c c c c c c c c c c c c c o c ~ c  
-IC C C C C L C C C C C ' , C C C C C C C C C G  .................... 
c 
"LLI 
z a  
- T W  c c c  c c c  c - c c c  rc c c c c c  c o c  
c a G C C C C C C  c c c c c c c c c  c c c c  u d .................... 
L c - 4 c d c - c c c . - - - c - - c - I - -  
- L p  
U 
U 
- 
L c ~ - - - - C ~ C C c - C C ~ - 0 0 0 3 u C  
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V A Q  I I I I I I I I l l  I I I  I 
-1U U U U A U U L L U U . U y i i A U U U U U U U U  
u c  c c c  c v c c  c c c c  c c t c e c c r c  p r o  C C C C L C L C O C C C C C C C C ~ C C  
x u  c c c c c c c c c ~ c o c c c c c c  c r .  Z u u  c c c c c, - IC- ip c (r a c cc c c c c c 
z c  . . . . . . . . . . . . . . . . . . . .  
12 c c c i c c c I: c c. c c '3 c.c c c c c c 
I 
P C C C C C C C ~ C C C C C C C ~ ~ C C  
L r_ c c C L  c c c c L L  c C'C c c ccc. 
L - c  c c L: c c C' c c c c- - Z C  c c ';c c 
u 2 c c c T c L c L c. c c c c c c  c c c c c 
+ u  t C C C  c . c  c c c c c ' : L c c c c c c . c  
- c  . . . . . . . . . . . . . . . . . . . .  
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Appendix G. Nomenclature 
Symbol 
A 
A 
C 
D 
E 
E.. 
11 
J 
- 
KAi 
KEi 
KQi 
K.. 
9 
KSi 
L 
M 
N 
P 
Q 
R 
R.. 
9 
- 
(RHS) 
S 
T 
WCJi 
X 
Description 
incident albedo flux 
conduction matrix term 
defined by Equation (3-4) 
defined by Equation (8.2) 
incident earth flux 
(0) 
j 
(ari/aT.) at T~ = T 
1 - 
inverse matrix of A 
multiplier of incident albedo flux for node 5' 
multiplier of incident earth flux for node 'if 
multiplier of internal heat generation 
conductance from node 5' to node 'j' 
multiplier of incident solar flux for node 'i' 
defined by Equation (3.4) 
radiation-matrix term 
defined by Equation (4.3) 
inverse of N.. + E. 6.. 
11 1 11 
internal heat generation 
defined by Equation (9.2.1) 
product of radiant interchange factor between 
nodes 5' and 'j' and area of node 5' 
defined by Equation (4.10) 
incident solar flux 
absolute temperature 
heat capacitance of node 'i' 
stability parameter in  matrix inversion methods 
Suggested Uni t s  
BTU/hr f t2  
BTU/hr O F  
BTU/hr 
BTU/hr 
BTU/hr f t2  
B T U ~  OF 
hr OF/BTU 
f t 2  
f t 2  
BTU/watt h r  
BTU/hr O F  
f t 2  
B T U / ~  OF 
BTU/hr ft2eR)4 
0 4  BTU/hr ( R) 
0 4  hr ( F) /BTU 
watts 
BTU/hr OF 
f t2  
BTU/hr 
BTU/hr f t2  
R 0 
BTUPF 
BTU/hr O F  
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, 
Symbol 
Y 
a. 
1 
C 
d 
r 
CY n 
B 
Y 
Y 
6.. 
13 
Iv 
€ 
8 
x 
U 
7 ci 
Subscripts 
i 
iL 
iU  
k 
*aiT4 - KEiEi 
Description Suggested Uni t s  
BTU/hr 
n 
re-radiating area for node 9' (external area) 
weighting factor, Equation (2.3) 
weighting factor, Equation (2.4) 
residual vector (Equation 3.5) BTU/hr 
ft4 
- 
- 
solar absorptance 
iteration scheme extrapolation parameter 
temperature deviation parameter 
criterion function, Equations (2.3) and (2.4) 
-4 - 4  form factor, (T )/(T) 
Kronecker delta (=1 if i=j; =o if i#j) 
infrared emittance 
time hr 
interpolation parameter 
Stephen-Boltzmann constant (0.1713 x lo-*) 
- 
- 
- 
2 0  4 BTU/hr f t  ( R) 
usually node number 
corresponding to lower limit on Ti 
corresponding to upper Limit on Ti 
usually orbit number 
Superscript 
n iteration number 
hr  s 
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